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postintroduction	hybridization	has	 remained	 largely	 unexplored.	 To	 add	 resolution	
to	this	paradox,	we	investigate	the	genetic	architecture	responsible	for	the	invasion	
of	 two	 invasive	 Asian	 carp	 species,	 bighead	 carp	 (Hypophthalmichthys nobilis)	 and	











their	 native	 ranges,	 might	 have	 facilitated	 their	 initial	 establishment	 of	 invasion,	
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1  | INTRODUC TION
Introduced	 species	 can	 experience	 population	 bottlenecks	 after	
introduction	 that	 can	 reduce	 fitness	 and	 evolutionary	 potential;	
however,	they	are	often	able	to	successfully	establish	in	introduced	
regions	 and	 become	 invasive	 despite	 this	 obstacle.	 This	 genetic	
paradox	has	attracted	invasion	biologists	for	decades	(Allendorf	&	
Lundquist,	 2003;	Estoup	et	 al.,	 2016;	Kolbe	et	 al.,	 2004).	 Several	
mechanisms	have	been	proposed	to	explain	the	mechanisms	con‐
tributing	 to	 their	 invasiveness,	 including	 rapid	 adaptive	 evolution	
in	introduced	environments	(Nei,	Maruyama,	&	Chakraborty,	1975;	
Perez,	Nirchio,	Alfonsi,	&	Munoz,	2006;	Phillips,	Brown,	Webb,	&	
Shine,	 2006;	 Vandepitte	 et	 al.,	 2014),	 multiple	 introductions	 and	
genetic	 admixture	of	previously	 isolated	populations	 (Dlugosch	&	
Parker,	 2008;	 Facon,	Pointier,	 Jarne,	 Sarda,	&	David,	 2008;	Hahn	
&	 Rieseberg,	 2017;	 Kolbe	 et	 al.,	 2004),	 interspecific	 hybridiza‐
tion	 (Ellstrand	&	 Schierenbeck,	 2000;	Mallet,	 2005;	Mesgaran	 et	
al.,	 2016),	 and	 others	 (Guerreiro	 &	 Fontdevila,	 2011;	 Hoffmann	
&	 Rieseberg,	 2008;	 Kirkpatrick	 &	 Barrett,	 2015;	 Pandit,	 White,	
&	 Pocock,	 2014;	 Prevosti	 et	 al.,	 1988).	Many	 successful	 invaders	
develop	life	history	traits	 in	their	native	regions	that	allow	the	in‐








Cyprinidae	 and	 are	 among	 the	most	 cultured	 species	 in	 East	 Asia	
and	 some	European	 countries	 due	 to	 their	 superior	 filter	 feeding,	
rapid	 growth,	 and	 high	 fecundity	 (Li,	 Wu,	 Wang,	 Chou,	 &	 Chen,	
1990).	Bigheaded	carps	have	been	widely	 introduced	 into	over	70	
countries	and	established	in	some	20	countries	(Kolar,	Chapman,	&	
Courtenay,	 2007).	 Both	 species	 were	 initially	 introduced	 into	 the	







(Chown	et	 al.,	 2015).	Here,	we	 sequence	 the	genomes	of	bighead	
and	silver	carps	sampled	from	the	MRB,	 identify	genomic	features	
such	as	heterozygosity	and	genes	under	selection,	and	discuss	the	
possible	 link	between	 intrinsic	genomic	 features	and	 invasion	suc‐
cess	in	bigheaded	carps.
Hybridization	 has	 long	 been	 hypothesized	 as	 a	 stimulus	 to	 bio‐
logical	 invasions,	with	evidence	primarily	 from	plant	 systems	 (Baker	
&	Stebbins,	1965;	Ellstrand	&	Schierenbeck,	2000).	Only	a	 few	ver‐












zygotic	 constraints	 compared	 to	 their	 parental	 species	 (Kolar	 et	 al.,	
2007).	However,	early‐generation	hybrids	are	more	likely	to	disperse	
and	are	more	abundant	at	 the	 invasion	fronts	 (Coulter,	Brey,	Lamer,	
Whitledge,	&	Garvey,	2019)	that	could	increase	population	sizes	and	






successful	 invasions	 in	 North	 America	 by	 conducting	 comparative	
studies	of	genomes	and	embryonic	development	 in	pure	and	hybrid	
bigheaded	carps.
2  | MATERIAL S AND METHODS
2.1 | Ethics statement
This	study	was	approved	by	the	Institutional	Animal	Care	and	Use	













K E Y W O R D S
bigheaded	carps	or	Asian	carp,	cross	experiment,	genetic	paradox	of	invasions,	genome	
sequencing,	interspecific	hybridization
     |  3WANG et Al.
2.2 | Sampling
Bighead	 carp	 and	 silver	 carp	 samples	 were	 collected	 from	 the	
Marseilles	 Reach	 of	 the	 Illinois	 River	 (Morris,	 IL)	 in	 the	MRB.	We	
initially	collected	two	bighead	carp	(one	male	and	one	female),	two	




















Paired‐end	 sequencing	 was	 performed	 using	 the	 Illumina	 HiSeq	
2000	 system	by	BGI‐Hong	Kong	 (Table	S1).	The	PacBio	data	were	
generated	 following	 the	Pacific	Biosciences	 (PacBio)‐recommended	




















al.,	 1996)	with	 default	 parameters.	 The	 consensus	 sequences	 in	de 
novo	repeat	libraries	and	their	classification	information	were	used	to	






De novo	 and	 sequence	 homology‐based	 methods	 were	 used	 for	
gene	 prediction.	 For	 de novo	 gene	 prediction,	 SNAP	 (Korf,	 2004),	
GeneMark‐ET	(Tang,	Lomsadze,	&	Borodovsky,	2015),	and	Augustus	
(Sommerfeld,	Lingner,	Stanke,	Morgenstern,	&	Richter,	2009)	were	
used	 to	 predict	 genes	 on	 genome	 sequences	 with	 transposable	
elements	 masked.	 The	 high‐quality	 dataset	 for	 training	 these	 ab 
initio	 gene	 predictors	was	 generated	 by	 PASA	 (Haas	 et	 al.,	 2003).	
For	sequence	homology‐based	gene	prediction,	protein	sequences	
from	 Swiss‐Prot	 vertebrates	 database	 and	 four	 model	 organisms	
(humans,	 medaka,	 zebrafish,	 and	 common	 carp	 from	 Ensembl	 78)	
were	 incorporated	 into	 MAKER2	 to	 generate	 homologous	 gene	
structures	(Cantarel	et	al.,	2008).	All	predicted	gene	structures	were	
integrated	into	the	consensus	gene	models	using	MAKER2	(Cantarel	









tabase;	 Kanehisa,	 Sato,	 Kawashima,	 Furumichi,	 &	 Tanabe,	 2015),	
RefSeq	 (Pruitt	 et	 al.,	 2014),	 and	 Trembl	 (Consortium,	 2015).	 The	
resulting	NR	BLASTP	hits	were	processed	by	BLAST2GO	 (Conesa	
et	al.,	2005)	 to	 retrieve	associated	Gene	Ontology	 (GO)	 terms	de‐
scribing	biological	processes,	molecular	functions,	and	cellular	com‐
ponents	(E‐value	≤1e−5).
2.6 | Mapping, variant calling, and demographics
To	identify	SNPs,	we	first	used	the	BWA	program	to	map	the	Illumina	
clean	reads	to	the	assembled	contigs	of	corresponding	species	with	
default	 parameters.	 The	 “mpileup”	module	 (with	 parameters:	 ‐q	 1	
–C	50	–g	–t	DP,	SP	–m	2)	was	then	used	to	identify	single	nucleo‐
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chosen,	and	the	heterozygosity	density	was	calculated	 (sequences	
<50	kb	were	excluded).	Demographic	histories	of	 the	bighead	and	
silver	 carps	 were	 reconstructed	 using	 the	 Pairwise	 Sequentially	
Markovian	Coalescent	 (PSMC)	model	 (Li	&	Durbin,	2011)	with	 the	
mutation	rate	of	0.2	×	10–8	per	generation.
2.7 | Genome evolution







sequences	 from	 different	 species	 were	 compared	 using	 BLASTP	
with	an	E‐value	of	1e−5,	and	low‐quality	hits	(identity	<30%	and	cov‐
erage	<30%)	were	removed.	Orthologous	groups	were	constructed	
by	ORTHOMCL	 v2.0.9	 (Chen,	Mackey,	 Stoeckert,	&	Roos,	 2006a)	
using	default	settings	based	on	the	filtered	BLASTP	results.
2.7.2 | Phylogenetic tree construction
Single‐copy	 gene	 families	 retrieved	 from	 the	 ORTHOMCL	 result	
were	used	for	phylogenetic	tree	construction.	The	families	contain‐
ing	any	sequences	shorter	than	200	amino	acids	were	removed.	The	
protein	 sequences	 from	 each	 family	 were	 aligned	 using	MUSCLE	
v3.8.31	(Edgar,	2004),	and	the	corresponding	CDS	alignments	were	
back‐translated	 from	 the	 corresponding	 protein	 alignments.	 The	
conserved	 CDS	 alignments	 were	 extracted	 by	 Gblocks	 (Talavera	
&	Castresana,	2007).	The	resulting	CDS	alignments	of	each	family	
were	used	for	further	phylogenomic	analysis.	For	phylogenetic	tree	
construction,	 CDS	 alignments	 of	 every	 single	 family	were	 concat‐
enated	to	generate	a	matrix	of	supergenes	and	fourfold	synonymous	







The	 concatenated	 supergenes	 were	 separated	 into	 three	 parti‐
tions	corresponding	to	the	1st,	2nd,	and	3rd	codon	site	in	the	CDS.	
Divergence	times	were	estimated	under	a	relaxed	clock	model	using	




iterations.	We	 ran	 the	 program	 twice	 for	 each	 dataset	 to	 confirm	
that	the	results	were	similar	between	runs.	The	following	constraints	
were	 used	 for	 time	 calibrations:	 medaka—stickleback,	 takifugu,	
tetraodon	 (min	 96.9	 Mya;	 max	 150.9	 Mya);	 zebrafish—medaka,	
stickleback,	takifugu,	tetraodon	(min	149.85	Mya;	max	165.2	Mya);	


























We	 evaluated	 the	 genomic	 similarity	 of	 both	 carps	 based	 upon	
whole‐genome	 alignments,	 which	 was	 conducted	 using	 the	 lastz	
program	 (Harris,	 2007).	 The	 lastz	 outputs	 in	 the	 axt	 format	were	




pared	 for	 downstream	 analysis.	We	 mapped	 contig	 sequences	 of	
bighead	 carp	 and	 silver	 carp	 to	 zebrafish	 chromosomes	 and	 then	
linked	these	mapped	contigs	to	pseudo‐chromosomes	according	to	
the	shared	synteny	to	each	zebrafish	chromosome.
2.9 | Effects of heterozygosity in hybrids
Single	nucleotide	polymorphisms	in	the	genomes	of	hybrids	were	de‐
tected	using	the	bighead	carp	genome	as	a	reference	with	the	BWA	
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program	(Li	&	Durbin,	2010).	Functional	prediction	of	the	resultant	
nonsynonymous	SNPs	was	conducted	using	snpEff	(Cingolani	et	al.,	
2012),	 whereas	 the	 functional	 effects	 of	 these	 missense	 variants	
in	hybrids	were	further	evaluated	by	SIFT	(Kumar,	Henikoff,	&	Ng,	
2009)	and	PolyPhen2	(Adzhubei	et	al.,	2010).	Mutations	with	SIFT	
score	 <0.05	 are	 considered	 as	 potentially	 deleterious.	 PolyPhen‐2	
uses	 a	 cutoff	 of	 <5%	 FPR	 for	 probably	 damaging	 mutations.	













































genomic	 heterozygosity	 was	 estimated	 to	 be	 0.0021	 in	 bighead	
carp	and	0.0036	 in	silver	carp	 (Table	S8).	The	heterozygosity	 level	
was	considered	moderate	(bighead	carp)	and	high	(silver	carp)	when	
compared	to	other	species	of	fish	(Figure	1a).	The	population	history	
inferred	 from	 the	draft	 genomes	 showed	 the	effective	population	






gle‐copy	 orthologous	 genes.	 The	 alignment	 of	 these	 single‐copy	
genes	 resulted	 in	 a	 supermatrix	 of	 660,222	 nucleotide	 positions,	
which	was	used	 for	phylogenetic	 tree	 reconstruction	and	molecu‐









3.3 | Genes under strong positive selection
Among	 the	 950	 single‐copy	 genes,	 252	 significant	 positive	 selec‐
tion	genes	were	identified	in	bighead	carp,	254	in	silver	carp,	and	43	
common	genes	in	both	carps	(Table	1).	Functional	analysis	showed	
these	 consensus	 genes	 are	 involved	 in	 growth	 and	 development	
(e.g.,	methionine	synthase	and	malcavernin),	environmental	adapta‐
tion	(Metrnl),	and	sperm	mobility	(tektin-2).	In	particular,	genes	such	
as	 14-alpha-demethylase,	 squalene synthase,	 and	mevalonate kinase 
that	play	an	important	role	in	the	terpenoid	backbone	biosynthesis	
of	the	mevalonate	pathway,	an	important	pathway	associated	with	
food	habit	 transition	 in	 grass	 carp,	were	 found	 in	 the	genomes	of	
both	bighead	and	silver	carps.
3.4 | Species‐specific genes and gene families
The	comparison	of	species‐specific	gene	families	identified	21	gene	
families	 undergoing	 contraction	 in	 bighead	 carp,	 but	 expansion	 in	
silver	carp	(Table	2).	These	gene	families	are	mostly	associated	with	




muscle	 myosin	 thick	 filament	 assembly,	 axonal	 fasciculation,	 and	
6  |     WANG et Al.




3.5 | Genome compatibility and hybrid viability









embryonic	viability	of	F1	 hybrids	 (Figure	3d).	The	 fertilization	 rate	
was	generally	higher	than	90%,	and	the	hatch	rate	exceeded	96%	in	










assessment	 (Parra	 et	 al.,	 2007).	 The	 assembled	 genomes	 of	 both	
carps	were	predicted	to	possess	a	comparable	number	of	protein‐
coding	genes	as	in	zebrafish	and	grass	carp	(Howe	et	al.,	2013;	Wang	
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TA B L E  1  Positive	selection	genes	found	in	the	genomes	of	bighead	and	silver	carps	and	their	corresponding	functions


























































31.23%	 in	 common	carp	 (Xu	et	 al.,	 2014)	 and	57.09%	 in	 zebrafish	
(Howe	et	al.,	2013).
Although	 both	 draft	 genomes	 are	 of	 good	 quality,	 further	 im‐





















gous	genes	 in	bigheaded	carps	 that	 could	be	 resulted	 from	 rapid	
evolution	 following	 introduction,	multiple	 introductions,	and	pre‐
introduction	 adaptation	 within	 native	 ranges.	 Rapid	 evolution	
following	introduction	has	been	recognized	as	a	common	phenom‐
enon	in	a	variety	of	invasive	organisms	(Bock	et	al.,	2015;	Chown	
et	 al.,	 2015).	 The	 relatively	 high	 degree	 of	 genomic	 heterozygo‐
sity	 observed	 in	 invasive	 bigheaded	 carps	 could	 originate	 from	
mutation‐associated	 adaptation	 in	 novel	 environments;	 however,	
this	 scenario	 is	 less	 probable.	 The	 beneficial	mutations	 that	may	




















contribute	 to	 their	 invasion	 success,	 such	 as	maximum	 fecundity	
and	 propagule	 pressure	 (Baker	&	 Stebbins,	 1965;	Kolar	&	 Lodge,	
2001).	For	bigheaded	carps	 in	 the	MRB,	 their	 invasion	success	 is	
likely	 attributed	 to	 their	 rapid	 growth,	 high	 fecundity,	 and	 filter‐
feeding	behavior.	 These	 characteristics	 exist	 in	 native	 bigheaded	
carps	 (Li	 et	 al.	 1990)	 and	 have	 evolved	 over	 the	 past	millions	 of	
years.	Therefore,	it	is	likely	the	relative	high	genomic	heterozygos‐
ity	and	high	dN/dS	ratios	in	invasive	bigheaded	carps	are	intrinsic	
features	 present	 from	 preintroduction	 adaptation	 within	 native	
ranges.
This	 study	 identified	 positively	 selected	 genes	 that	 are	 po‐
tentially	 associated	 with	 bigheaded	 carp	 life	 history	 traits	 and	
environmental	 adaptation,	 which	 supports	 the	 preintroduction	
adaptation	 hypothesis	 in	 invasions.	 Bighead	 and	 silver	 carps	 are	
traditionally	 characterized	 as	 opportunistic	 omnivores	 and	 can	













TA  B  L  E  1  (Continued)
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shift	between	zooplankton,	phytoplankton,	and	detritus	depend‐
ing	on	the	availability	of	food	resources	in	the	environment.	This	
adaptive	 feeding	 strategy	 allows	 them	 to	 exploit	 multiple	 re‐
sources	 and	 novel	 environments	 (Anderson,	 Chapman,	 &	Hayer,	
2016;	Cremer	&	Smitherman,	1980).	We	identified	several	positive	
selection	genes	in	the	mevalonate	pathway	in	terpenoid	backbone	
biosynthesis	 that	 have	 been	 associated	 with	 the	 transition	 be‐





hibition	 of	 catalytic	 subunits	 of	 protein	 phosphatase	 and	 induc‐
tion	of	ROS	(reactive	oxygen	species;	Cox	&	Goessling,	2015).	We	
identified	multiple	positive	selection	genes	 in	bighead	and	silver	









4.3 | Hybridization and relevance to 
invasion expansion
Interspecific	 hybridization	 can	 act	 as	 an	 evolutionary	 stimu‐
lus	 to	 promote	 invasions	 (Baker	 &	 Stebbins,	 1965;	 Ellstrand	 &	
Schierenbeck,	2000;	Mesgaran	et	al.,	2016).	In	the	case	of	bighead	
and	 silver	 carps,	 field	 surveys	 suggested	both	 carps	had	already	
established	 reproductive	 populations	 during	 the	 late	 1980s	 and	
the	early	1990s	 in	several	states	 including	Arkansas,	 Illinois,	and	












ing	 that	 hybridization	 has	 been	 occurring	 for	 a	 long	 time	 and	 a	
larger	percentage	of	early‐generation	hybrids	likely	once	persisted	
in	the	population.	This	postintroduction	introgression	mechanism,	
TA B L E  2  Gene	families	under	expansion	in	silver	carp	yet	under	contraction	in	bighead	carp
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F I G U R E  2  Functional	Gene	Ontology	groups	of	species‐specific	genes	in	silver	carp	(a)	and	bighead	carp	(b)	analyzed	with	the	ClueGO	
plugin	of	Cytoscape.	For	each	group,	only	the	GO	terms	with	corrected	p‐values	≤.05	are	shown,	and	the	major	significant	GO	term	is	
selected	as	the	representation	of	that	group.	The	significance	of	the	GO	term	is	reflected	by	the	size	of	the	nodes





















     |  11WANG et Al.
coupled	with	preadaptation,	has	likely	contributed	to	the	invasion	
success	of	bigheaded	carps	in	the	MRB.













region.	 Several	 studies	 have	 revealed	 significant	 genetic	 differences	




Genetic	 factors	 that	 support	and	 restrict	hybridization	occur	 in	
bigheaded	carps	 in	the	MRB.	We	showed	a	high	genomic	similarity	
between	 bighead	 and	 silver	 carps	 and	 the	majority	 of	 nonsynony‐
mous	SNPs	had	no	predicted	 functional	 effects	on	F1	 hybrids.	We	
determined	 that	 the	 fertilization	 rate	 and	hatch	 success	of	 hybrids	
were	equal	to	that	of	parental	species	under	experimental	conditions;	
however,	 we	 were	 not	 able	 to	 determine	 the	 postzygotic	 effects	
throughout	development.	 It	has	been	observed	 in	aquaculture	 that	
the	offspring	of	F1	hybrids	backcrossed	with	bighead	carp	exhibited	
apparent	heterosis	 (The	Yangtze	River	Fisheries	Research	 Institute,	
1975).	Therefore,	 it	 is	 likely	that	 the	variability	present	within	each	
individual	F1	genome	(equal	contribution	from	each	species)	provides	
a	 source	 of	 variation	 and	 adaptability,	 but	 the	 rapid	 evolutionary	













study	 provide	 useful	 resources	 for	 applied	 research.	 Bigheaded	
carps	 are	 invasive	 species	 in	 the	US	 and	 Canada	 and	may	 have	





Tsehaye,	 Catalano,	 Sass,	 Glover,	 &	 Roth,	 2013).	 The	 predicted	




cific	genes	enriched	 in	biological	processes	that	are	 likely	 linked	
to	its	jumping	behavior.	These	species‐specific	genes	can	be	used	
to	explore	potential	molecular	or	genetic	 control	 tools	 that	may	
lead	to	mitigation	of	bigheaded	carps	 in	the	MRB.	From	another	
perspective,	bigheaded	carps	are	among	the	most	 important	aq‐













variation	 in	 some	 Gene	 Ontology	 categories	 (Wang	 et	 al.,	 2016).	
Does	this	variation	suggest	the	hybrids,	even	with	the	same	geno‐
types,	 could	have	dissimilar	 fitness?	 If	 so,	what	would	be	 the	pre‐








carp,	 bighead	 carp	 and	 silver	 carp,	 and	 presented	 their	 genomic	
features	 including	 heterozygosity	 and	 genes	 related	 to	 environ‐
mental	 adaptation	 and	 feeding	 habits.	 These	 intrinsic	 genomic	
features	might	 have	 facilitated	 the	 early	 establishment	 of	 intro‐
duced	 bigheaded	 carps	 that	 escaped	 confinement	 and	 entered	
the	Mississippi	 River	Basin	 (MRB).	 In	 addition,	 this	 study	 identi‐
fied	hybrid	bigheaded	carps	with	high	embryonic	viability,	which,	
along	with	 the	 incidence	of	 introgressive	hybridization	observed	
during	the	past	two	decades,	suggests	interspecific	hybridization	
between	bigheaded	carps	might	have	played	an	import	role	at	the	
expansion	 stage	 of	 invasions	 in	 the	MRB.	 Intrinsic	 genomic	 fea‐
tures	 and	 postintroduction	 hybridization	might	 collectively	 con‐
tribute	 to	 the	establishment	 and	 support	 continued	 invasions	of	
bigheaded	 carps	 in	 the	 MRB,	 which	 thus	 reveals	 an	 alternative	
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